; and the Orr-Sherby-Dorn parameter proposed in 1954 [3] .
Another approach is the Minimum Commitment Method, suggested by Manson in 1968 [ 4 ] . This method avoids forcing the data to fit a specified TTP. Instead it allows the best fitting parameter to be used. And if none of the known parameters best fit the data, it is capable of developing a new parameter.
Over the years, significant consideration has been given to both physics and mathematics in the development of TTP's. Special emphasis has been in the development of methods for the calculation of empirical constants for the parametric expressions, e.g., the methods presented by Conway [5] . Development of a functional relationship between strength and parameter values, i.e., an analytical representation of the master curve has also been pursued [ 6 ] . Simultaneously, studies have been made to assess the effectiveness of the parameter regarding correlation, interpolation and extrapolation of the experimental data (e.g., Goldhoff [7] ). The present study applies where T is temperature in OF, t is time in hours. C, Ta, and log are corresponding parameters or empirical constants established by the data.
Iota
The goal of this study was to develop a statistical model for describ creep strength of a material using the TTP concept. This model should quantify scatter in material behavior as well as modelling error. Moreover, the model should be able to fit into a reliability format in which due consideration is given to all sources of uncertainty. Proposed herein is a lognormal model for creep strength and a lognormal format for the gener reliability problem.
CREEP STRENGTH AND THE MASTER CURVE
Probabilistic design (or mechanical reliability) refers to the process of quantifying uncertainty, and then making decisions so that the risk is 3 less than an acceptable value. Risk is assumed herein to be synonymous with probability of' failure. Failure of a component under creep can be defined as (a) the event that time to failure is less than the intended service life, or (b) the event that creep strength R is less than the applied stress S, i.e., .(R<S). The latter definition is adopted here. Figure 1 illustrates the baslc problem. Both creep strength and applied stress are considered to be random variables. The risk or probability of failure is defined as
To evaluate p it is necessary to establish the statistical distribution of R and S. The process of development of the functional relationship between strength and the TTP also addresses the problem of translating the creeprupture data into a statistical distribution of R. The basic relationship proposed here for creep strength is called the "exponential model,"
A , B, and IUI are parameters to be determined from the data.
Note: In the case of the LM parameter the value of the parameter P used in the exponential model is in thousands, while for the M H parameter the absolute value of P is used. In the range of interest, P is a negative valued function which can not be raised to a rational power. The creep-rupture data (Ri, Pi) can be expressed as (yi, xi>, i = 1,n using Eqs. The numerical procedure is as follows (using Larson-Miller as an example):
1.
2.

3.
.
5.
.
7.
Choose an initial value of C.
Choose an initial value of m.
Use the simple least squares analysis to compute A and B.
Compute s (Eq. 8 ) .
Repeat steps 2 through 4 until an m is found (corresponding to your initial choice of C) which minimizes s .
Going back to step 1, repeat the process using another value of C.
Finally, this procedure produces a minimum s as a function of C.
The "best" estimate of C is defined as that value which corresponds to the minimum value of
The corresponding values A, fi, and are estimates of m, A, and B respectively.
A
This procedure is easily extended to the case of two (or more) constants.
For the MH parameter, steps 1, 6 , and 7 are extended to accomodate two constants.
Finally, the "optimum" master curve is
Examples of this analysis applied to a sample of n = 95 Incoloy 625 data are provided in Figs. 2 (for LM) and 3 (for M H ) . The coherence of the data to the master curve is measured by CR, the coefficient of variation of R (praportional to S: as given by Eq. 11 below) which defines the vertical scatter. The fact that the MH analysis produces a slightly lower CR suggests a slightly better fit, . . . not surprising in view of the additional constant in the MH parameter. Tables 2 and 3 summarize an exercise to study the behavior of A from typical creep-rupture data. Models based on the short term data are summarized in Table 2 for various data sets. The bulk of the short term data is less than 1000 hours, with only a few points between 1000 and 3500 hours. Then the mean and COV of the bias in predicting long term behavior for each data set is summarized in Table 3 . Lives of most of the long term data were from 12 to 18 months. The short term and long term data used here was provided by Goldhoff (7). Note that the MH parameter seems to perform much better than the LM parameter as evidenced by the fact that 7 is consistantly closer to one.
RELIABILITY ANALYSIS
In general reliability analysis,one should consider all sources of uncertainty including data scatter as well as the bias and distribution of modelling error. Material data scatter is described by the random variable A in the creep rupture analysis. But the bias A contains both scatter in material behavior and modelling error. In addition, temperature T and stress S can be treated as random variables reflecting uncertainties in the environment as well as the analysis. The goal of reliability analysis is to synthesize statistical information to compute risk.
For a practical reliability analysis we need an estimate of the I 1 in service" strength which accounts for data scatter as well as predictive capabilities of the model. Define the actual strength of the material Thus, C describes modelling error in the use of the TTP. CR is established from short term data as 0.0968 (See Table   2 ).
From long term data ( 
where 0 is the standard normal cdf,and f3 is the safety index, as given by % S and Cs are the median and COV of S respectively.
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In the more general case where T is also considered to be a random variable, reliability analysis becomes much more difficult. Techniques such as
Monte Carlo or Rackwitz-Fiessler method [lo, 121 must be employed to relate risk to the design parameters.
It is important to note that computed values of p should be considered f as "notional" values of the probability of failure. Because of the many uncertainties and assumptions and because risk levels are so low, it may be imprudent to argue that pf defines risk levels in an actuarial sense. 
a) Larson-Miller Analysis
The optimized form of the LM parameter for Hastelloy X is given by (See Table 2 The median and COV o f t h e a c t u a l s t r e n g t h Ra is o b t a i n e d u s i n g t h e d a t a of Table 3 . N o t e t h a t 
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The median and COV of the actual strength is obtained from Table   3 .
A is computed using Eq. 15. From intuition, however, it seems reasonable to place more confidence in MH simply becuase it contains two (rather than one) empirical constants.
Example 2. As an extension to Example 1, assume now that uncertainties in the temperature analysis are to be considered. It is estimated that the median (best estimate) of T is llOO'F and COV of T is 5%. The member chosen has a cross sectional area of The computations are summarized in Table 4 . The computed safety index, B = 3 . 3 3 , is less than the target safety index f3 = 3 . 7 2 , so the design is considered to be unsafe. It is interesting to note that if we let C + 0 (T = ?, a constant), then the safety index is f3 = 4 . 5 0 .
Clearly reliability is sensitive to uncertainties in T.
0
T
We can also compute the notional probability of failure as For 6 = 3 . 3 3 , pf = 4 . 3 6 E -4 , and for f3 = 4 . 5 0 , pf = 3.44E-6.
CONCLUSIONS
A general method for reliability analysis of creep rupture data is presented. The method employs the time-temperature parameter (TTP) concept.
An exponential mode1,log R = A + B P ,relating strength R, to P, the TTP, was shown to provide a good fit to creep-rupture data. Evidence of the quality of the exponential model is provided by the low values of the coefficient of variation of R in Table 2 (typically less than 10%). Furthermore, the exponential model fits well into a probabilistic design format. m 10
In general, the assumption that all of the statistical scatter of the data can be lumped into A is valid only when the data is homoscedastic (constant scatter band). This data is not always homoscedastic when the Universal constants associated with each TTP are used. close to the peak of the joint probability density function of the design factors)
The assumption that A is normally distributed is a matter of convenience for the reliability analysis. While no formal goodness of fit test was used, the normal assumption for A seems to be very reasonable on the basis of visual inspection of R-P plots.
Investigation of the bias in predicting long term behavior from short term data of both the LM and MH parameters suggest that both do a fair job. But no general trend was observed. Probability plots of A , and hence Y , suggest that A (and Y ) follows a distribution close to a lognormal.
Finally, failure is not always defined as rupture. It can be defined as excessive deformation. When this is the case, a similar approach to the one presented above is possible. Time to failure would indicate time to achieve a predetermined deformation, say 1, 2, or 5% creep, Creep strength would now be defined as stress, e.g., for 1, 2, or 5% creep strain. Fig. 4 illustrates the master curves for creep rupture and 1% strain. 
Abstract
A probabilistic approach to the correlation and extrapolation of creep-ruptu data is presented. Time temperature parameters (TTP) are used to correlate the data, and an analytical expression for the master curve is developed. The expression provides a simple model for the statistical distribution of stren and fits neatly into a probabilistic design format. The analysis focuses on the Larson-Miller and on the Manson-Haferd parameters, but it can be applied to a of the TTP's. A method is developed for evaluating material dependent constants for TTP's. It is shown that "optimized" constants can provide a significant improvement in the correlation of the data, thereby reducing modelling error. Attempts were made to quantify the performance of the proposed method in p dicting long term behavior. Uncertainty in predicting long term behavior from short term tests was derived for several sets of data. Examples are presented which illustrate the theory and demonstrate the application of state of the reliability methods to the design of components under creep. 
